This paper summarizes short term storage applications for electric grid that are available today. It focuses on U.S. Electric grid and current challenges of interconnected electrical generation and distribution. Differences between short term and long term energy storage systems are explained with more detail on short term technologies, current and the possible applications on electric grid. For comparison purposes rated power discharge times, reaction times, life cycles as well as per unit power and per unit energy costs are presented.
Introduction

U.S. Electric Grid Today
Current electric transmission and distribution infrastructure in the U.S. is a large system that involves 170,000 miles of high-voltage cables, 6 million miles of low voltage transmission cables, substations, distribution centers, 19,243 generators of at least 1MW installed at 7,304 power plants as of April, 2015.
1,2 This system serves more than 143 million customers in U.S.
1
The grid system in the U.S. is divided into three independently synchronized areas or interconnections; Eastern Interconnection, Western Interconnection and the Electric Reliability Council of Texas.
1 These divisions are mainly due to the challenge of synchronizing large grids and keeping them separate results in a more reliable system. While there are no AC connections between these three systems, there are high-voltage DC lines. In case of a major system failure in any of the interconnections, the other will not be affected, but during normal operation these connections allow energy exchange as if they are one big system coast to coast.
Challenges of the Grid System
Several challenges emerge with a system of this size and complexity. Keeping the system running can be difficult when unexpected events happen. The goal is to carry electric energy from power plants to end customers, commercial, residential or industrial. However, unexpected events may happen, such as storms, transmission equipment failure, transmission line interruption, unplanned shutdown of generation, physical or cyber-attacks. Under any circumstance the grid should be secure and ready to provide reliable, stable power to end users.
Additionally, renewable sources while providing clean energy from sources like sun and wind have fluctuating weather dependent outputs. Suppressing fluctuations in frequency and voltage in renewable sources is mandatory in order to safely feed renewable energy to grid. Another issue with renewable generation is variability. Wind power, for example, tends to peak at night when demand decreases to a point where generated electric energy has no place to be used.
Nuclear power plants traditionally are run continuously regardless of the demand on the grid. This is due their high construction and high operational costs, and the difficulty and risks of adjusting nuclear reaction rates in their core, which control power generation rates. While newer plants can be adjusted to a certain level, which is called load following, in general nuclear plants also feed the grid with unnecessary energy during off peak hours just like wind farms.
Energy Storage Systems Electric Energy Storage
Storage systems provide reliable, secure and redundant operation of the grid. Storage technologies help renewable sources to integrate into the current grid system. They provide grid scale back-up power which can be utilized during peak or emergency demand. By storing power during periods of low demand and releasing it during periods of high demand they defer investments in more generation capacity. Similarly, electricity can be stored at the origin and termination of transmission lines, allowing plants to operate at their most efficient current levels continuously, independent of supply and demand cycles. It is no surprise grid scale storage systems are used all over the world. Electric storage on U.S. grids, as of August 2013 was 24.6GW and a major portion of this storage, nearly 95%, is pumped hydro plants.
3 However 21.6 GW of hydro storage is only a fraction of 2014 U.S. total electric production of 4,092,935 GW. 4 
Classifying Storage Methods
Storing electricity presents a severe technical challenge: it cannot be captured or stored and held stationary for later release. Instead, electric energy must to be converted to another form of energy which can be stored and converted back to electricity on demand when needed. This conversion technique is one way to classify a stor-age system. Electricity can be converted to mechanical, electrochemical, electric or magnetic field storage.
Mechanical storage systems convert electrical energy into kinetic or potential energy. Using electricity to spin a rotating mass to several thousand revolutions per minute as in flywheels is converting to kinetic energy, and pumping water up to a higher elevation, as in pumped hydro, is converting it to potential energy. Another example of potential energy conversion would be CAES, compressed air energy storage, where air is compressed into an underground cave to be released the next day to operate a turbine during high demand.
Electrochemical storage is uses electric energy to drive a chemical reaction either in a rechargeable battery or generating hydrogen for later use in a fuel cell or gas turbine. Rechargeable batteries are a very broad subject alone and they will be discussed only as a method of storage but different chemistries will not be compared individually. Produced hydrogen can be utilized two ways; it can be fed into natural gas lines up to 15% without requiring significant changes to end-user appliances or pipelines and used when it is needed.
5 It can be used in a furnace or generator turbine, both methods capture excess electricity a chemical method.
6
Field storage can be electrical or magnetic. An electrical field is produced when two conducting plates come close and an electric potential is applied. This setup is a simple capacitor. With several advancements in materials, certain capacitors are now called super-or ultracapacitors. Capacitors store electric energy in the electric field they create. Energy can also be stored in a magnetic field created by electrical currents circulating in a solenoid. The most efficient magnetic field storage systems use superconducting solenoids, as in superconducting magnetic energy storage.
Storage systems can also be classified by time of discharge and response. Discharge time shows how long a storage system can supply its rated power. Response time shows how fast it can change its power output. For instance a pumped hydro plant, depending on its reservoir, may have a long discharge time, anywhere from hours to days. However, it will not respond to a voltage drop in 10-20 milliseconds. For an application where milliseconds count, a flywheel, super-capacitor or battery systems will be required since even spinning reserves will take several minutes to ramp-up.
Short Term Storage Systems Defining Short Term
Issues such as transmission equipment failure, line interruption, unplanned shutdown of generation, time shifting electrical energy due to economic reasons are being solved by long term storage techniques such as batteries, pumped-hydro or hydrogen generation. An example is a wind farm powering a hydrogen generator during offpeak hours of the day and pumping this hydrogen to a peaking gas plant to meet high demand during the next day. Pumped-hydro is similar, excess energy on the grid is used to pump water from a lower reservoir up to a higher reservoir during off peak hours such as nights and weekends, then letting this water flow down thru generators during the day when there is additional demand. Upper basins could be anywhere from 30m to more than 800m higher than the lower water reservoir. Compressed air systems and batteries work on the same principle, storing electricity when it is inexpensive and abundant, putting it back on the grid when it is needed or more profitable.
Short term storage systems can respond very fast, ramping up or down in milliseconds when there is a need on the grid and quickly ramping back. They discharge fast and they are able to cycle frequently from full charge to empty. Short term storage technologies are used for grid stability, reliability and power quality applications. These applications require voltage regulation, frequency regulation and angular stabilization. 7 As stated above, discharge capability in milliseconds is very important; fluctuation suppressions, frequency excursions, voltage or angular stability corrections should be addressed in less than 1 4 cycles.
8 Therefore storage systems for those applications have to be capable of responding on these short time schedules, and be ready at all times.
Types of Short Term Storage
Supercapacitors Capacitors store electrical energy by creating an electrical field on two conducting plates which is separated by a non-conducting material called dielectric. Applying a voltage difference to the plates will charge the capacitor. This charge can be utilized by connecting the plates to an external load which allows the electrons to flow as the capacity will discharges. Capacitors that have orders of magnitudes of higher energy densities are called supercapacitor. The increase in energy density is achieved by increasing surface area of the plates since amount of charge a capacitor can hold is directly related to this area. In order to increase the plate area highly porous materials are used such as activated carbon which achieves areas of more than 2500 m 2 per gram. 9 Plate separation is less than 1 nm, which requires a liquid dielectric. This dielectric can be either aqueous or non-aqueous. The disadvantage of this design is the required electrolyte, the liquid dielectric, cannot withstand higher voltages hence limiting supercapacitor voltages to 3 V per cell for organic, non-aqueous or 1v per cell for aqueous acid based electrolytes. 10 Charging supercapacitors beyond these voltages will degrade the electrolyte causing internal short circuits. For practical uses supercapacitor need to be serially connected in order to increase voltage. Superconducting Magnetic Energy Storage -SMES Superconducting magnetic energy storage systems (SMES) create a magnetic field on a cryogenically cooled superconductor coil. System is maintained at as low as 1.8 K using liquid helium or liquid nitrogen. 6, 8 . A SMES consist of three main parts; (1) Power conditioning system, (2) Superconducting coil, (3) Cooling system. SMES systems have more than 20 years design lifetimes during which performance loss is insignificant. The advantage of energy stored in magnetic field is the ability to discharge in less than 0.5 milliseconds.
11 SMES can charge again as fast as it can draw power from the grid. Due to their fast charge/discharge capability which cannot be achieved by any other mechanical or chemical storage system, SMES are perfect for power quality applications.
7 Only limiting factor on response time is the power conditioning circuit. Unlike any other storage system a SMES can hold its charge forever as long as the cooling system keeps the superconducting coil between 4K and 10K.
Batteries Batteries store energy by going thru a chemical reaction when electrical energy is applied thru them. This chemical reaction can be reversed by putting a load on the battery. Charging batteries takes considerably longer than a charging a capacitor or a spinning a flywheel. In a typical battery cell there are cathode and anode electrodes. The medium between the two electrodes is called the electrolyte. During charge and discharge cycles, ions are carried by the electrolyte between the two electrodes. Batteries can be used in series or parallel, depending on the application, in order to increase voltage or output current respectively and therefore the capacity of the system. Batteries do not discharge as fast as capacitors. A chemical reaction takes place which then starts electron flow on the circuit. While energy from a battery system can be delivered in milliseconds, 12 electronics used for grid connection play a big role in the systems ability to correct power fluctuation on grid. Battery storage systems need inverter circuits to in order to be attached to AC grid.
Lead-acid batteries are the most mature technology in storage reflecting their long history of development. However, since practically usable and safe lithium-ion batteries have been by Sony in the 90s, they are being developed at a fast pace.
13 Lithium-ion cells are becoming the main battery choice of storage systems due to their long life and less maintenance compared to lead based systems. Flywheels Flywheel energy storage systems employ a spinning mass at high speeds. While flywheels have been known and used for over a century, applications for energy storage are fairly new. James Pickard was the British inventor who used a flywheel on a Newcomen steam engine in order to produce rotational motion.
14 Now for more than 200 years flywheels are being used in almost any reciprocating engine to provide a smoother power output. The most notable application of a flywheel storage unit was the 1952 Gyrobus used in Switzerland. The flywheel installed in this electric bus was charged at bus stops, bringing the rotor to 3,000 rpm and providing about 6 km of driving distance in city traffic.
15
There are two types of flywheels; low speed high mass, which rotate up to 6,000 rpm or low mass high speed. High speed composite material rotors spin up to 100,000 rpm when they are charged.
11 This high speed rotating mass inside the unit is connected to a motor which also acts as a generator. The motor spins the mass inside the flywheel assembly hence giving it a kinetic energy. The same motor, during discharge works as a generator; it uses the stored kinetic energy on the rotor and to produce electric energy which then goes through inverters in order to make DC. While discharging, high-speed composite material flywheels slowdown from 100,000 rpm to 10,000 rpm.
11
The most significant energy loss for flywheels during standby is the vacuum pump; about 25W of power need to be used to keep a 1KWh flywheel ready.
Another possible energy loss is eliminated by using magnetic bearings so that the system has almost no standby loss. Unlike batteries which degrade after several charge/discharge cycles, a flywheel does not lose its capacity. Flywheels are expected to last over 1,000,000 cycles.
10 Flywheel system energy densities are comparable with Li-Ion battery systems; low speed flywheels can provide 5Wh/kg and advanced systems can reach over 100Wh/kg, while a lithium battery is between 100-150 Wh/kg. 10 Power densities are also very close; a lithium battery system can be made to provide between 500 to 2,000 W/kg, a high speed flywheel system can be at 1,000 W/kg as well. System Cost and Lifetime
Due to very low energy densities, SMES systems have the highest kWh cost ranging from $1,000 up to $10,000 per kWh. However, costs should be considered along with expected life cycles from a system. Technically a SMES can be cycled infinite times since there are no chemicals that degrade or mechanical systems to wear. Flywheels have cycle life expectancies from 10 5 to 10 7 . Since they are simply a rotating mass on magnetic bearings, only wear in systems happens on electronics which requires capacitor replacements every 50,000 hours or 6 years. A summary is shown in Table II . 
Conclusion
There is no single storage solution; instead a combination of systems should be deployed depending on the needs. In general storage applications depend on location, duration of output, response time, power and energy capacity, installation and running costs of the system. Flywheel technology is not as mature as pumped hydro or even battery back-up systems. However, advancements in their field promise scalable, lower cost, longer lasting and higher energy density storage systems. While still in their early development stages, flywheels have proven to be extremely long life with high cycle efficiency and require little maintenance. They are excellent candidates for wide applications not only in large scale grid storage but also in small system for residential storage.
